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Abstract 
Viral growth in specific tissue is usually required in order to 
lead to pathology. Two reovirus isolates (type 1 Lang and type 
3 Dearing) differ in their capacity to grow in cultured mouse 
heart cells. The mammalian reo viruses contain a genome of 10 
double-stranded RNA gene segments. By the use of 37 reassor-
tant viruses (consisting of viruses with different combinations 
of genes derived from the two parents), difference in capacity of 
different strains to grow in heart cells was mapped to three 
different genes, all of which encode viral core proteins: the M1 
gene (P < 0.000044); the L1 gene (P = 0.00094); and the L3 
gene (P = 0.019). Using the same set ofreassortant viruses, the 
L1 (P = 0.00015) and L3 (P = 0.0065) genes were involved in 
differences of the ability of viral strains to grow in mouse L 
cells (fibroblasts), but the M1 gene (P = 0.12) was not. These 
findings suggest that the M1 gene plays an important and spe-
cific role in determining the relative capacity of certain viral 
strains to grow in the heart. Thus, we have identified viral genes 
responsible for differing growth capacity in heart muscle cells 
in culture. These findings provide a novel system for studies of 
viral myocarditis at a molecular genetic level. (J. Clin. Invest. 
1991. 87:1628-1633.) Key words: myocarditis • viral patho-
genesis • the M1 gene 
Introduction 
Reoviruses have a genome composed of 10 double-stranded 
RNA segments. Because of this segmented genetic structure, 
reassortant viruses containing different combinations of gene 
segments can be derived from parental viruses by coinfecting 
cells with both serotypes ( 1 ). When two reovirus parents differ 
in a biological property, the progeny reassortant viruses can 
segregate the difference and thereby allow the identification of 
gene(s) that specify the difference (for reviews, see references 2 
and 3). Using such genetic studies, functions of three outer 
capsid proteins (the a 1 protein encoded by the S 1 gene, the p.1 C 
protein encoded by the M2 gene, and the a 3 protein encoded 
by the S4 gene) have been identified. The a1 protein is involved 
in cell attachment ( 4) and thereby contributes to the determina-
tion of cell and tissue tropism (5). The p.1 C protein determines 
the interaction with proteases (6) and modulates neuroviru-
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lence (7). The a3 protein is involved in inhibition of cellular 
RNA and protein synthesis (8) and establishment of persistent 
infection (9). Little is known about the function of core pro-
teins. Recently, an efficiently myocarditic reovirus strain (desig-
nated 8B) was isolated and characterized ( 1 0). The myocarditic 
phenotype of the 8B isolate in mice is associated with a muta-
tion(s) in the M 1 gene, which encodes a viral core protein of 
unknown function ( 11 ). Whether the M 1 gene also plays a 
more general role in determining growth in myocardial cells, 
has not been determined. 
Growth of a virus in specific cells is often required in order 
to lead to pathology. Therefore, an understanding of viral deter-
minants necessary for growth in heart tissue is important for 
elucidating the pathogenesis of viral myocarditis. Reovirus is 
an attractive model in which to study how viruses cause myo-
carditis at a molecular genetic level. In this study, we estab-
lished a mouse heart cell culture system in which to study reo-
virus replication . We evaluated the genes involved in determin-
ing differences in replication of our two prototype laboratory 
strains (type l Lang and type 3 Dearing). Our findings indicate 
that the M 1 gene plays an important role in determining the 
capacity of reoviruses to grow in heart cells in culture. 
Methods 
Cultured heart cells. Heart cell cultures were prepared from the hearts 
of fetal (18-20 d) and neonatal (within 48 h postpartum) National 
Institutes of Health (NIH) Swiss mice (National Cancer Institute, 
Frederic, MD) by modification of the method previously used for neo-
natal rat cultured heart cells ( 12). Briefly, the hearts were removed from 
ether-anesthetized mice, and cells were dispersed in 0 .25% trypsin 
(Gibco Laboratories, Grand Island, NY) with I mM EGT A. Cell sus-
pensions were washed in Dulbecco's modified Eagle's medium (DME) 
supplemented with 7% FCS, thymidine (600 1-1-g/ml), and antibiotics 
(20 U/ml penicillin, 20 1-1-g/ml streptomycin, and 20 1-1-g/ml gentamicin), 
and enriched with myocytes by preplating in 6-well clusters (Costar 
Corp., Cambridge, MA) for 2 hat 3rC. Residual unattached cells were 
diluted with the same medium and plated in 24-well clusters (Costar 
Corp.) at a density of 2.0 X I 05 cells/cm2. 
L cells and viruses. Mouse L929 (L) cells were propagated in suspen-
sion in the Joklik modification of Eagle's minimal essential medium 
(MEM) supplemented with 2.5% FCS and 2.5% viable serum protein 
(VSP) 1 as described previously (I 0). L cells were diluted with MEM and 
plated in 24-well clusters at a density of 2.4 X I 04 cells/cm2• Reovirus 
type I Lang (TIL) and type 3 Dearing (T3D) were from standard labo-
ratory stocks ( 13). T3D stocks themselves differ in their capacity for 
growth in mouse L cells, and this study used poorly growing T3D 
stocks to maximize the difference in growth compared with TIL. Reas-
sortant viruses used in this study (EB series) were prepared by Brown et 
a!. (14). 
I. Abbreviations used in this paper: MOl, multiplicity of infection; 
TIL, reovirus type I Lang; T3D, type 3 Dearing; VSP, viable serum 
protein. 
fn{ection of cells. 2 dafter preparing the cultured mouse heart cells, 
two wells were trypsinized and viable cells were counted using the try-
pan blue exclusion method . The cultured heart cells were infected with 
I 00 J.d of reovirus (TIL or T3D, or reassortants) at a multiplicity of 
infection (MOI) of 3 (virus:cell = 3: I) , and incubated for 1 h at 3rC 
with intermittent rocking. Then 900 Ill ofDME with insulin (51-Lg/ml), 
transferrin (5 1-Lg/ml), and selenium (5 ng/ml) in the absence ofFCS was 
added . Inoculation of L cells was performed by a simi lar method , ex-
cept that they were infected 1 dafter plating the cells, and the overlay-
ing medium was MEM with 2.5% FCS and 2.5% VSP. To compare the 
difference of growth of TIL and T3D reovirus strains, infect ion was 
terminated by freezing the clusters every day from day I to day 5, and 
reassortment studies were done on day 4 after infection . 
Viral titer determination . Cells in 24-well c lusters were frozen 
( - 70°C) and thawed (37 °C) three times and disrupted by sonication 
( 1 0). The viral suspensions were seriall y diluted in 1 0-fold steps in gel 
sa line and plated in duplicate on L cell monolayers for plaque assays as 
described previously ( 15). Viral titers were expressed as PFU per cell 
(cultured heart cell or L cell). 
Statistical analysis. Reassortant viruses in Tables I and II were or-
dered by viral yields and then assigned a rank consistent with this order. 
The Wilcoxon rank sum analysis was applied ( 16). 
Results 
Growth o.f reovirus in cultured heart cells. In the heart in vivo, 
TIL replicates to a higher titer than T3D (2 to 3 log 10 difference 
between 3 and 9 d after injection of the viruses into the intact 
mice) (10). Although myocytes occupy over two-thirds of the 
volume ofthe myocardium, their number in the myocardium 
relative to total cells present is no more than one third; fibro-
blasts, blood vessel cells, and other cellular elements represent 
another two-thirds of the cells ( 17, 18). To compare the growth 
of reovirus in cultured myocytes under carefully controlled 
conditions, we used cultured mouse heart cells in this study. As 
Fig. I shows, T 1 L grew to a higher titer than T3D (2 log 10 
difference between 3 and 5 d after infection) in cardiac myo-
cytes in vitro, and both serotypes reached a plateau of growth 
by 4 dafter infection at a MOl of 3. 
Reassortment study in cultured heart cells. To identify the 
genes responsible for the differing growth capacity of the two 
strains, we tested reassortants between these parental viruses 
(EB series) for their capacity to grow in cultured mouse cardiac 
myocytes. In Table I, reassortant viruses are placed in order of 
maximal viral yield from the top, and TIL and T3D are also 
included for reference. The viral yield ofT I L was almost the 
highest, and that of T3D was almost the lowest, and those of 
reassortants tended to span a continuum between them. It was 
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Figure I . Growth of 
reovirus (type 1 Lang 
[Tl L] and type 3 Dear-
ing [TJD]) in cultured 
mouse heart cells. Cul-
tured heart cells were 
infected (virus:cell 
= 3: I) 2 d after prepar-
ing primary cell cultures 
(day 0), and were frozen 
on the day indicated. 
Viral yields were determined by plaque assay as described in Methods. 
Each time point represents the mean of two samples. The standard 
deviation is < 0.11 log 10 at all time points. 
viral yields. Accordingly, we applied a Wilcoxon rank sum anal-
ysis, in which the data were treated as a continuum spanning 
the range from lowest to highest. For each gene segment, ranks 
for those derived from TIL or T3D were summed up sepa-
rately, and these values were compared with those in statistical 
tables (16). When the sum of ranks fell outside the limits at a 
given P value in the table, the next highest P value was exam-
ined , until the P value identified within the sum of ranks fell. 
By the use of 37 reassortant viruses, differing growth capacity 
of the reoviral reassortants in cultured heart cells could be at-
tributed to three different genes (values of P < 0.05 were taken 
as statistically significant), all of which encode viral core pro-
teins: theM I gene (P < 0.000044 ); the L I gene (P = 0.00094); 
and the L3 gene (P = 0.0 19) (Table III). Notably, EB 39, which 
has only two gene segments (M I and L I) derived from TIL 
with the other eight genes derived from T3D, still grew to a high 
titer. As a trend, viruses whose Ml and Ll genes were derived 
from TIL comprised a higher viral yield group, and viruses 
where these genes were derived from T3D comprised a lower 
yield group. Viruses that have Tl L-Ml/T3D-Ll or T3D-Ml/ 
TIL-L I genes comprised an intermediate group. However, EB 
144, whose M 1, Ll, and L3 genes were derived from Tl L, did 
not grow to as high a viral titer as expected from the trend just 
cited, and was therefore an exception. 
Growth o.f reovirus in L cells. To confirm whether these 
three genes were related to observed growth in m yocytes specifi-
cally or played a role in the growth in other types of cells, we 
examined the growth of reovirus in the L cell line generally 
used for propagation and titration of the reoviruses. As Fig. 2 
shows, TIL also replicated much more than T3D in L cells, 
and both serotypes reached a plateau of growth by 4 d after 
infection at a MOl of 3. Therefore, TIL grew better than T3D 
in L cells as well as in myocytes. 
Reassortment study in L cells. A reassortment analysis was 
performed in L cells using the same set of reassortant viruses as 
in cultured heart ce lls. In Table II , reassortant viruses are 
placed in order of maximal viral yield from the top, and TIL 
and T3D are also included for reference. The viral yield ofT 1 L 
was almost the highest and that ofT3D was almost the lowest, 
and those of the reovirus reassortants spanned the range be-
tween them. We also applied a Wilcoxon rank sum analysis, 
and by the use of33 reassortant viruses, differing growth capac-
ity in L cells could be mapped to two different genes: the Ll 
gene (P = 0.000 15); and the L3 gene (P = 0.0065) (Table III). 
However the M 1 gene, which was the most significantly differ-
ent in cultured mouse heart cells, was not related at all to the 
difference in virus growth in L cells. 
Discussion 
In this study, we found that theM 1 gene was the primary reo-
virus gene that determined the relative capacity of our labora-
tory strains to grow in myocardial cells in vitro. This study, 
using reassortants derived from laboratory isolates (TIL and 
T3D), thus extends prior mapping of theM I gene of a myocar-
ditic variant (8B) to its capacity to produce myocarditis in a 
mouse system (II). 
Reovirus causes a variety of diseases in mice (for a review, 
see reference 3) including myocarditis ( 19-23). However, these 
reports are limited to descriptions of pathologic changes of the 
heart tissue and detection of virus using histopathologic, elec-
tron microscopic, and in situ hybridization methods. Recently, 
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37 rcasso rtant viruses were used fo r thi s stud y, and gene segments from type I Lang (TJ L) and type 3 Dearing (TJD) are designated 1 or 3. Viral 
yields are ex pressed as mean ±SD from three wells except EB 127 , 86, and 124, which are from two wells. The data from TIL and T3D are not 
included for the rank , because these viruses arc the parents of the other viruses, and have different backgrounds. The significant levels attained 
by the rank sum for a given gene are shown in Table Ill. 
Sherry et al. succeeded in isolating an efficientl y myocarditic 
reovirus strain (designated 8B), derived by in vivo reassortment 
between nonm yocarditic parent reoviruses (T 1 Land TJD) 
(10). 8 B contained two gene segments (SI and M 2) derived 
from T3D and the other eight gene segments deri ved from 
TIL. By reassortment study between 8B and nonmyocarditic 
reoviru es whose gene segm ents were opposite of those of 8B, 
the capacity of 8B to cause myocarditis was found to be a so-
ciated with the M I gene. Because of the nonm yocarditic phcno-
1630 Y Matoba. B. Shern ·. B. J\ '. Fields. and T 11'. m ith 
type of both parent viruses, a mutation(s) in theM I gene of8B 
was postulated (II). There also is a clinical case repor1 of myo-
carditis in a 10-mo-old infant caused by reovirus (24). How-
ever, compared with Coxsackieviruses, which have been impli-
cated frequent ly as pathogens in clinical myocarditis (for are-
view, see reference 25), the importance ofreoviruses as a cause 
of clinical myocarditis has been difficult to ascertain because of 
their ubiquity and the common absence of symptoms asso-
ciated with infection . 
Table If. Reovirus Reassortanrs Used to Map the A bility a/Reovirus to Gro ll ' in L Cells 

















































































































































































































































































































79 1 ± 108 
562± 34 
429±27 
427 ± 27 
427 ± 39 
42 1 ± 7 1 
320± 3 
303± 26 
278 ± 22 
260± 15 
251 ± 10 
222 ± 24 
208 ± 24 
18 1± 11 
175 ± 12 
169±7 
15 7± 32 
153+5 
145± 18 
141 ± 21 
123 ± 16 
108±4 
88 ± 7 
83 ± 17 
72 ± 8 
58 +6 






































33 reassortant viruses were used for this stud y. The decreased number of viruses compared with Table I (37 reassortant viruses) for cultured heart 
cells came from miscalculation of original titers of some viruses (EB31 , 86, 124, 132). Gene segments from type I Lang (Tlf-) and type 3 
Dearing (T3D) are designated J or 3. Viral yields are expressed as means±SD from three wells except EB 123, which is from two wells. T he data 
from Tl Land T3D are not included for the rank, because these viruses are the parents of oth er viruses, a nd have different backgrounds. The 
significance levels attained by the rank sum for a given gene are shown in Table III. 
To elucidate the mechanisms of viral m yocarditis, much 
effort has been directed toward the immune response of the 
host, and relatively little analysis has been done based on stud-
ies of the viruses themselves. Duke et al. (26) showed the im-
portance of the long homopolymeric poly( C) tracts in 5' non-
coding sequences of Mengo virus (murine cardiovirus) for its 
pathogenicity. Schwimmbeck et al. (27) reported that Coxsack-
ievirus B3 has homology with the main autoimmunologic epi-
tope of the aden ine nucleotide translocator, one of the autoan-
tigens thought to be associated with myocarditis and dilated 
cardiomyopathy (28). Beisel et al. (29) identified an antigenic 
epitope shared between Coxsackievirus B4 and murine alpha 
cardiac m yosin heavy chain , which is also thought to be an 
autoa ntige n in m yocarditis (30) . Reo viru s is an attracti ve 
mod e l in which to address viral m yocardi 1t is from th e vira l 
aspects because of its known capacity to produce m yoca rdit is, 
the detail ed information o n its ge neti cs, and the re lative ease 
with whi ch its genom e can be manipulated. 
Viral pathogenesis, the process by whi ch a virus causes di s-
ease, is dete rmin ed by viru s, host , and the ir interaction. 
Growth of a viru s in a host cell is a major step in vira l pathogen-
esis, and in viral myocarditi s the viral titer in the hea rt is gener-
all y rela ted to hi stopathol ogic lesion s (3 1 ). However, despite 
equivalent vira l titers in the heart , ce rtain viruses cause vary ing 
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Figure 2. Growth of 
reovirus (type 1 Lang 
[Tl L] and type 3 Dear-
ing [T3D]) in L cells. L 
cells were infected 
(virus:ccll = 3: I) 1 d 
after plating the cells 
(day 0). and were frozen 
on the day indicated. 
Viral yields were deter-
mined by plaque assay 
as described in Methods. Each time point represents the mean of 
three samples. The standard deviation is < 0.11 log10 at all time points. 
lesions of myocarditis depending on specific genetic aspects of 
the host animal (32, 33). Variants of the same virus also differ 
in the capacity to induce myocarditis. For example, a strain of 
Coxsackievirus (CVB3M) produced moderate to severe myo-
cardial lesions in adult CD-I mice, while a variant of same 
virus (CVB30 ) induced few or no cardiac lesions in the same 
animal model (34). This might be explained by differences in 
viral replication in the heart (CVB3M > CVB30 ). In the case of 
reoviruses, the 88 variant is highly myocarditic, while T 1 L, 
despite almost equivalent viral titers in the heart, causes few 
lesions in intact neonatal Nil I-Swiss mice ( 1 0). Thus, the im-
portance of differences in viral growth in the heart in the patho-
genesis of myocarditis is still unclear, but understanding what 
determines differences in viral growth in myocytes is necessary 
to elucidate the pathogenesis of myocarditis. 
The growth of reovirus has been studied in some specific 
organ systems: brains (35), primary neuronal cell cultures (36), 
eyes (37), pancreatic islet and pituitary cell lines (38), and intes-
tinal tissue (39). The S I gene was related to the growth in neuro-
nal tissue, and the S I and L2 genes were related to growth in 
intestinal tissue. Both of the e genes encode outer capsid pro-
teins, and the roles of inner core proteins on the growth of 
reovirus in any tissue have not yet been established. 
Table Ill. Relative Contribution q( th e 10 Reovirus Gene 
Segments Estimated by Wilcoxon Tll'o-Sample Test Analysis 
P value Cul tured heart cells L cells 
0.1 L2 . S2. I . M 2. 4 , M3, S3 M I , S2, M2, S4, M3 , S3 
0 .05 L2 . SI 
0.02 
0 .01 L3 




< 0 .0005 Ml 
The Wilcoxon rank urn analy is ( entner, 1982) was applied to ex-
amine the relative co ntribution of each veovirus gene segment on 
viral growth in c ultured heart cell s (Table l) ad cells (Table II) . The 
average vira l yields were u ed to rank reassortant viru es, and in each 
gene segment ranks were ummed up eparatcl whether the gene 
segment was derived fr m t pe I Lang or t pe 3 Dearing. When the 
sum of rank fell ul ide the limits at a given P aluc in the table. the 
next highest P alue was examined until the P va lue identified 
within the sum of rank fell. 
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In this study, we found that theM 1 gene (P < 0.000044), 
the L I gene (P = 0.00094 ), and the L3 gene (P = 0.0 19) corre-
lated with differing growth capacity in the heart, while only the 
L I (P = 0.000 15) and L3 genes (P = 0.0065) were so correlated 
in L cells. From the levels of statistical significance and compar-
ison between cultured heart cells and L cells, relationships 
emerge between these genes and viral growth. 
1. TheM I and L I gene effects were more statistically signif-
icant than the L3 gene effect, and the M1 and L1 genes encode 
proteins that are found as 12 copies per virus particle (2). As 
Sherry et al. noted ( ll ), these low copy numbers suggest two 
possible roles: as an enzyme activity involved in RNA synthe-
sis; and as a structural element based on the location of the 
protein at the icosahedral vertices (there are 12 vertices per 
viral particle). The former might be related to the replication of 
the virus, and the latter to the structural stability of the virus. It 
is worth noting that the L1 gene has been implicated genetically 
as having a role in RNA synthesis (40), and the Ll sequence 
contains a polymerase motif ( 41 ). From the coincidence of the 
12 copies per viral particle and the 12 vertices, the possibility 
that the products of theM I and L I genes cooperate structurally 
is of interest. 
2. The L 1 and L3 genes were found to be correlated with 
viral growth in nonmyocytes. It is thus possible that these two 
genes are related to the growth of virus in cells generally, while 
the M I gene determines some function(s) specific to the heart. 
While tropism to the cardiac myocyte is one such possibility, in 
reovirus the S I gene, which encodes the outer capsid protein , is 
thought to be most closely related to cell and tissue tropism (5). 
Thus, how theM I gene influences cardiac growth and tropism 
is at present unclear. 
3. In spite of some efrorts to remove nonmyocytes from 
cultured heart cells (2 h of preplating, use of thymidine and 
serum-free medium), there may still be a small degree of con-
tamination of nonmyocytes in primary heart cell cultures. 
Thus, another possibility is that theM 1 gene is related to viral 
growth in myocytes and involvement of the L I and L3 genes is 
a reflection of the growth of nonmyocytes as observed in L 
cells. although the nature of the L cell (fibroblast cell line, not 
identical with fibroblasts in vivo) differs from that of non m yo-
cytes in primary cultures of heart cells. 
Whatever the mechanism, this study indicates that theM l 
gene plays an important ro le in reovirus growth in the heart. It 
is of particular interest that a mutation(s) in theM 1 gene con-
verts a nonmyocarditic to a myocarditic virus, although both 
viruses grow to high titers in the heart. Altered structure or 
function related to viral growth in the heart may allow the virus 
to become myocarditic, although it is not known whether the 
mutation occurred within the part of the gene structure that 
determines reovirus growth in the heart . 
Finally, we believe that the experimental approach in the 
studies reported here , and the associated findings, provide a 
novel system for studies of viral myocarditis at a molecular 
genetic level. 
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